Aims To examine the cost-effectiveness of intravascular ultrasound (IVUS) use during percutaneous coronary intervention (PCI) with drug-eluting stents (DES) in treating coronary artery disease (CAD). Methods and results A Markov model was constructed with a lifetime horizon to compare costs and health outcomes between IVUS-guided PCI and PCI guided solely by angiography from an Italian healthcare payer perspective. The population examined included CAD patients undergoing PCI with DES. From a healthcare payer perspective, the resulting incremental cost-effectiveness ratio (ICER) per quality-adjusted life-year was negative in the base-case scenario (i.e., IVUS benefit assumed to persist beyond the first year). When IVUS benefit was assumed to be limited to the first year, the ICER increased to €9,624. This conclusion remained consistent even when scenarios varied regarding the duration of the device's effect. Furthermore, benefits of using IVUS were greater for patients with acute coronary syndrome, renal insufficiency, and diabetes. Conclusions Using IVUS with angiography is a dominant strategy in Italy, and results demonstrate that it is desirable to target those at a greater risk of restenosis (i.e., patients with diabetes, chronic kidney disease, and acute coronary syndrome), who tend to benefit more from accurate stent implantation. Further information is necessary regarding the long-term benefits of IVUS, however sensitivity analysis presented in this research demonstrates a strong argument supporting the cost-effectiveness of IVUS.
Introduction

Background
Coronary artery disease (CAD) is a medical condition associated with narrowing of the coronary arteries. Often led by atherosclerosis, the narrowing consequently reduces blood flow to the heart muscle. CAD is frequently observed in population groups with smoking history, diabetes, hypertension, or hypercholesterolemia, and can result in major adverse cardiac events and even death [1] . CAD represents a high cost to the healthcare system as well as society due to its high prevalence and associated poor health outcomes. For instance, estimated direct and indirect costs of CAD amounted to €45 billion in the European Union (EU) in 2003, which was a quarter of the entire expenditure for cardiovascular disease [2, 3] .
Treatment for CAD
For CAD patients, especially those categorized as high risk, angiography would be used if no contraindications exist. According to angiographic results, cardiologists would then choose to treat the patients with medication only, or to perform either a coronary artery bypass graft (CABG) or percutaneous coronary intervention (PCI) [4] . PCI is usually undertaken with either a bare metal stent (BMS) or a drug-eluting stent (DES), to reduce the chance of restenosis. Comparing the efficacy between BMS and DES, a number of studies showed superiority of DES in reducing patients' need for revascularization [5] , especially for patient groups at a greater risk of post-PCI adverse cardiac events [6] . Although DES contributes to reduced restenosis, further reduction is possible with a more accurate implantation of the stent in the artery [7] . The current practice of PCI is often undertaken with angiography alone, which only displays the lumen [5] . The use of intravascular ultrasound (IVUS) along with angiography enables cardiologists to assess the volume, extension, composition, morphology of the plaque and severity of stenosis within the vessel more thoroughly than angiography alone. Thus, this better imaging can assist cardiologists in selecting the appropriate stent for patients' arterial conditions and aid in optimal stent placement [8] [9] [10] .
Objectives of this study
Acknowledging both potential improvements in health outcomes and additional costs incurred through IVUS use, this study attempts to compare the costs and outcomes between IVUS-guided and angiography-guided PCI in the context of Italy using a deterministic Markov model. It accounts for some of the critical concerns emerging in previous studies including sample size, presentations of patients, the number of endpoints, and time horizon. Also, this study assesses the effect of IVUS only when PCI was completed with DES. An approach to focus solely on DES rather than all stents was chosen as patients implanted with DES are more likely to need IVUS during a PCI procedure than those with BMS as both IVUS and DES target high-risk patients.
Description of the model
Type of economic evaluation A deterministic Markov model was constructed to examine the long-term costs and health outcomes of IVUS use in DES placement, comparing between IVUS-guided PCI and PCI guided solely by angiography. With the selected model, this study conducted cost-effectiveness analysis (CEA) and cost-utility analysis (CUA), in which outcomes were presented in both life years gained (LYG) and quality-adjusted life year (QALY) gained, respectively.
Patient population
The treatment population in the model is based on the patient population examined in a recent meta-analysis by Ahn et al. [11] . Ahn et al. [11] is the most recent metaanalysis on IVUS use in DES implantation to date. The authors investigated both acute and chronic CAD patients going through either IVUS-guided or angiography-guided PCI with DES. Ahn et al. also included patients with diabetes mellitus, renal insufficiency (creatinine clearance \60 ml/min), acute coronary syndrome (ACS), or smoking history, who represent patients at a high risk of post-PCI adverse cardiac events [11] .
Perspectives
This study took the Italian healthcare payer perspective. Due to the presence of hospital staff, informal care is not a critical factor in costing for IVUS, which is utilized in inpatient settings. Also, productivity loss is often small for elderly patients. Given the constraints and circumstances in which IVUS would be employed, this study considered accounting for direct costs while excluding indirect costs to be a reasonable approach.
Model design, health states, and time horizon
The model began with a hypothetical cohort of patients with an average age of 63, the average age reported by Ahn et al. [11] . All patients underwent PCI with DES, guided either by IVUS and angiography, or angiography alone. However, patients who developed restenosis were not considered for IVUS during their additional treatments. Such assumption was made because none of the relevant clinical trials indicated that IVUS accompanied subsequent treatments for post-PCI adverse events [11] . The Markov transition model included four health states: event-free, myocardial infarction (MI), revascularization [defined as a composite between target lesion revascularization (TLR) and target vessel revascularization (TVR)], and death. Since both medical therapy and interventions (PCI or CABG) can treat MI, this model made a distinction between the two treatment methods (Fig. 1) .
The baseline analysis assessed the use of IVUS with a lifetime horizon in order to evaluate outcomes over the full life expectancy of the patients, assuming the benefits of IVUS would persist throughout their lifetime [12] . The model used monthly cycles for the first year and full-year cycles for the remaining years in order to keep consistency with the BMS model, where there was clinical evidence to support a higher event rate in the initial months of post-PCI (see Appendix A for BMS results). Discount rates of 3 % per annum were applied to both costs and outcomes [12] .
Scenario and sensitivity analyses
Although the benefits of IVUS continue throughout a patient's lifetime in the base-case analysis, the duration of IVUS effect is uncertain because of the short follow-up of the studies included in Ahn et al. [11] . Therefore, a scenario analysis was conducted, assuming that the benefits of IVUS would be limited to the first year (for further information, see ''Model Input'' section).
For all parameters, one-way sensitivity analyses (OWSA) were completed using the 95 % confidence intervals reported in the literature (Table 3) . Where 95 % confidence interval was not available, a 10 % variation from the mean was used. For those inputs that greatly influenced the incremental cost-effectiveness ratio (ICER) in their OWSA, the study conducted two-way sensitivity analyses (TWSA).
Probabilistic sensitivity analysis (PSA) was also undertaken to present overall uncertainty of the model on the cost-effectiveness of IVUS. PSA allows all parameter values to vary simultaneously when sampled from a prioridefined probability distributions [13] . One-thousand simulations were run based on probability distributions described in Table 3 . These results were then used to create an incremental cost-effectiveness plane.
Model inputs
Treatment effect
The probabilities of revascularization and MI for the angiography arm were estimated based on the results of COMPARE trial as paclitaxel-eluting and everolimus-eluting stents remain the most widely used forms of DES worldwide and the Ahn et al. [14] meta-analyses include trials and studies investigating both types of stents (Table 1) .
In order to obtain the estimates for the same variables in the IVUS arm, risk ratios (RRs) for experiencing MI and revascularization between IVUS and angiography groups were multiplied to the corresponding pooled probabilities produced from the COMPARE trial [11, 14] (for all model inputs, see Table 3 ). A supplementary analysis was also conducted evaluating only everolimus-eluting stents given their prevalent use in the Italian market.
The baseline analysis assumed the benefits of IVUS would persist because precise DES implantation may lower rates of restenosis and cardiac events in the longer term [8] ( Table 2) . However, for the short duration of the trials included in Ahn et al., additional analysis was undertaken, assuming that the benefits of IVUS for MI and revascularization would be restrained to the first year. Treatment effect: subgroups A number of studies concluded that clinical experience of patients with particular comorbid conditions would differ from that of the general population [15, 16] . Acknowledging those risk factors, this study conducted subgroup analyses for patients with diabetes, renal insufficiency, and ACS. The hazard ratios (HRs) derived from ADAPT-DES [6] were applied to the probabilities of having MI in both arms. The ratios concerning TLR/TVR were not available for these subgroups; thus, they were set at one in the baseline analysis (Table 3) .
Mortality
The background (natural) death probability was calculated using lifetime tables for Italy from World Health Organization [17] . Cardiac death probabilities were mainly derived from Gan et al. [18] and Serruys et al. [19] .
Outcomes
Overall LYG related to IVUS use was calculated using the difference in life expectancy between patients in each arm [18, 19] . Utility weights from the literature were used to calculate the corresponding outcomes in QALYs (Table 3 ) [20] [21] [22] [23] .
Costs
Costs were derived by weighting DRG tariffs with the distribution of the number of PCI reported in each DRG code. The government publications such as the national formulary provided information on medication costs for managing post-MI treatment [24, 25] . All cost values were adjusted and presented in 2013 euros.
Summary of model assumptions
This model made assumptions throughout the analyses because of data limitations or uncertainty. The ''Results'' and ''Discussion'' sections discuss the implications of the major assumptions.
I. Assumptions about the model:
• The average age of the patients who undergo PCI with DES implantation is 63 years. The model ends after about 38 years.
• PCI does not employ IVUS after the first cycle of the model.
II. Assumptions about efficacy inputs:
• The probabilities of having MI and undergoing revascularization remain consistent from the second year after the patients' initial PCI.
• Designs of DES do not influence the efficacy of the procedure.
III. Assumptions about health outcomes:
• The utilities associated with each health state are the same between the two arms.
• The disutility associated with MI and revascularization persists for 1 year.
Results
Baseline analyses
From the healthcare payer perspective, IVUS is a dominant treatment option, providing improved outcomes at lower costs when the benefits of IVUS continue beyond 1 year The post-year-one probabilities shown in the table were based on the assumption that benefits of IVUS would persist throughout the cycles (Table 2) e Only two out of the four country-adjusted probabilities were displayed. The others, the probability of MI treated with medications and that of having revascularization with PCI, were calculated as follows: 100 less each of the two variables included in the table (%) f These clinical probabilities were obtained and confirmed through consultations with local clinicians (Table 4 ). The negative ICER value implies that IVUS use during PCI with DES is a superior strategy regardless of the ICER threshold; the €25,000 per QALY is often employed in Italy as its implicit willingness-to-pay (WTP) threshold [26, 27] . Since the data were extrapolated beyond the observation period, the study assessed final results at shorter time intervals in addition to the full lifetime horizon. A longer time frame contributed to lower ICERs because the costdifference between the two arms diminished over time while the positive impact of IVUS guidance continued. The ICER was estimated at €166,641 at a 1-year time interval; however, it fell below the threshold between 3-and 5-year time intervals, at which the ICERs were €26,967 and €7,409, respectively.
Subgroup analyses
IVUS was more cost-effective in patients with co-morbid conditions who are at a higher risk of cardiac events: the ICERs were significantly lower for these subgroups than those derived from the general patient population. These results further support the reimbursement of IVUS especially for the patients with diabetes, renal insufficiency and ACS (Table 4) .
Supplementary analyses on BMS
Recognizing that IVUS and DES both aim to treat high-risk patients, this current study focused on DES implantation only. Nonetheless, given that patients who are treated with BMS may still benefit from IVUS-guided stent placement, we also assessed the cost-effectiveness of IVUS use in BMS placement. The relevant inputs and results can be found in Appendix A.
Supplementary analyses on everolimus-eluting stents
Given that in Italy everolimus-eluting stents are predominantly used, a supplementary analysis was undertaken to evaluate the cost-effectiveness when only these stents are used ( Table 4 ). Given that the final ICER for the general patient population is negative, IVUS use would remain as a dominant option for the chosen subgroups. Results of paclitaxel-eluting stents can be found in Appendix B.
Results for scenario and sensitivity analyses
This study conducted scenario and sensitivity analyses to determine the robustness of the presented results. This section only refers to the ICER per QALY gained for Italy because the WTP threshold for cost per LYG is unknown.
Benefits of IVUS
Even with a conservative assumption that the benefits of IVUS are restrained to the first year, the ICER remained below the WTP threshold (Table 5) . 
Parameters
None of the parameters significantly affected the final results. Even in the scenario analysis, where the benefits of IVUS were limited to the first year, the ICERs were sensitive to the following parameters only: the probabilities of having MI (post year one) and the cost of initial PCI with IVUS and angiography (Fig. 2) . Variations in the two cost parameters made ICERs negative, further supporting the base-case outcome that IVUS is a dominant strategy: the cost of initial PCI with IVUS and angiography and the cost of initial PCI with angiography. The results from OWSA clearly identified the drivers of this model. While TWSA was preformed, results do not provide any further granularity or deviation from OWSA.
PSA
PSA identifies the optimal clinical strategy and the associated probability the strategy is cost effective given relevant WTP thresholds. As demonstrated in the incremental cost-effectiveness plane in Fig. 3 , about 71 % of the simulations fell into the south-east quadrant, implying that IVUS use is a dominant option. The remaining 29 % fell into the north-east quadrant; however, the resulting ICERs were always below €18,000. From an Italian healthcare payer perspective, the choice PCI guided by both IVUS and angiography is always the optimal strategy given the €25,000 WTP threshold.
Discussion
This study demonstrates that, in Italy, using IVUS in addition to angiography is a favorable strategy over employing angiography alone during PCI with DES. Covering the full life expectancy of the patients, this study produced negative ICER. The final ICER remained lower than the implicit WTP threshold even when the duration of IVUS benefit was assumed to be limited to the first year. IVUS use in patients at a higher risk of restenosis was more costeffective than use in the general patient population. Furthermore, positive results of the ADAPT-DES study at 1 year appear to prolong to 2-year follow-up and therefore the benefits of IVUS continuing beyond the first year may be a more plausible assumption [6, 28] . Incorporating a number of potential scenarios and mitigating the common problems emerging in the earlier literature, this study improves the evidence on the impact of IVUS in terms of both costs and health outcomes. Despite these strengths, the results were sensitive to the length of the assessed time horizon and the key parameters: the probabilities of having MI (post year-one) and the cost of initial PCI with IVUS and angiography. In addition to the uncertainty with the results, this study suffers from several limitations due to data unavailability, modeling, and estimation assumptions.
First, in this study, it was assumed using the 2-year follow-up data from the COMPARE trial that the probabilities of having MI and TLR/TVR in both arms would remain constant after 2 years following the event. This assumes that the chance of having subsequent events remains the same as the number of successive treatments increases [14] . Nevertheless, the error on the final ICERs should be minimal in that a majority of the patients would not need numerous subsequent treatments for restenosis. Moreover, this study supposed that types of the drugs coated on the stents would not affect efficacy of the procedure, since Smits et al. [14] only incorporated two designs of DES in their examinations, while cardiologists employ other designs in their clinical practice. However, although the validity of their argument is still controversial, some researchers advocate for the superiority of everolimus-eluting stents over paclitaxel-eluting stents [29, 30] . Given the near-ubiquitous use in Italy, the model was tested for sensitivity in limiting usage to everolimus-eluting stents, and for high-risk patient groups, lifetime ICERs were found to be consistent with base-case estimates. These stratified results should only be considered secondarily, as the clinical inputs from Ahn et al. [11] included a mixture of both stent types.
Owing to the paucity of IVUS-specific information, the analysis assumed the same utilities for patients in each arm. Nevertheless, the users of IVUS insist that the patients with IVUS-driven PCI have a better experience than those using angiography alone because better imaging serves improved stent implantation [7] . If this claim is supported with more clinical evidence, IVUS would become more costeffective.
Furthermore, the study only incorporated direct costs incurred to the healthcare payers because of the data constraints and the settings in which the device would be utilized. For the examined population of this study, productivity loss of caregivers can be considerable given the patients' average age. Nonetheless, the underestimation of costs should not influence the ICERs if the degrees of inaccuracy in both arms were similar. Also, because none of the clinical trials specified that IVUS was used for subsequent treatments, this device only accompanied PCI of the first cycle [11] . If cardiologists frequently employ IVUS for post-PCI cardiac issues in their daily practices, the estimated costs in the IVUS arm, and thus, the final ICERs might be underestimated.
